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Effects of Inhaled Acid Aerosols on Lung
Mechanics: An Analysis of Human

Exposure Studies
by Mark J. Utell*

There exist significant gaps in our understanding of human health effects from inhalation of pollutants
associated with acid precipitation. Controlled clinical studies examine effects of criteria pollutants almost
exclusively by assessing changes in lung mechanics. One constituent of acid precipitation, sulfuric acid
aerosols, has been shown to induce hronchoaconstriction in exercising extringic asthmatics at near ambient
levels. These asthmatics may be an order of magnitude more sensitive to sulfuric actd aerosols than normal
adults. More recently, a second component nitrogen dioxide has been obhserved to provoke changes in lung
mechanics at progressively lower concentrations. To date, virtually no data exist from clinical exposures
to acidic aerosols for subjects with chronic obstructive pulmonary disease.

Introduction

There exist significant gaps in our knowledge of hu-
man health effects resulting from inhalation of poliu-
tants associated with acid precipitation. Although such
precipitation consists of both acidic gases and aerosols,
this paper will foeus primarily on acidic aerosols as the
gases have received extensive attention. Furthermore,
the scope of the discussion will be limited to clinical
studies that evaluate effects of the acid aerosols on lung
mechanics.

The objective of the clinical study is clear: it is an
attempt to establish conditions in a controlled labora-
tory setting which are relevant to ambient pollutant
atmospheres, and to document any health-related ef-
fects which result from breathing these atmospheres.
Since the lung is the initial target of most inhaled air
pellutants, measurements of lung mechanics take on a
primary role in toxicologic assessments. Measurements
of pulmonary function to assess responses to air pollu-
tants have recently been reviewed (7).

The limitations of clinical studies have alsc been pre-
viously discussed but it is pertinent to consider them
here together with their strengths. These studies, for
practical and ethical reasong, must be limited to small
groups presumably representative of larger popula-
tions, to short durations of exposure, and to pollutant
coneentrations that are expected to produece only mild
and totally reversible responses. In addition, laboratory
atmospheres are typically simple rather than the com-
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plex mixtures, for example, that constitute ambient acid
precipitation.

Despite these limitations, however, carefully con-
troiled experimental studies have produced several ad-
vances in our understanding of acute effects of exposure
to critical air pollutants. First, the importance of ex-
ercise in potentiating responses to inhaled pollutants at
ambient levels has been established. For example, until
recently inhalation of ozone concentrations higher than
0.3 ppm had been considered necessary to induce airway
effects. However, when combined with heavy inter-
mittent exercise, exposure to ozone levels as low as (.12
ppm have caused symptoms and spirometric changes in
normal subjects (2).

Secondly, clinical studies have suecessfully defended
the concept of “sensitive” or “susceptible” subgroups.
Here again, until recently, exposures to sulfur dioxide
(80,) in concentrations found in ambient air failed to
provoke responses. 1t is now clear that asthmatic sub-
jects exposed to S0 levels as low as 0.25 ppm, when
performing isocapnic hyperventilation or during exer-
cise-induced ventilation, can manifest symptomatic and
objective evidence of bronchoconstriction (). Indeed
asthmatics may be an order of magnitude more sensitive
to S0, than nonsensitive healthy adults. The following
discussion will eonclude that similar differences in sen-
sitivity to sulfuric acid aerosols have now been estab-
lished between normal and asthmatic individuals.

Human Studies of Sulfate and
Sulfuric Acid Effects

In the atmosphere, the major acid sulfate species in-
clude ammonium sulfate ((NH,),80,), ammonium bis-
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ulfate (NH,HSO,), and sulfuric acid (HyS0,). In the
laboratory, pulmonary responses of normal and asth-
matic subjects have been assessed following exposure
to each of these acids.

Inhalation Studies with Normal Subjects

It has now been over 30 years since Amdur and col-
leagues (4) first reported exposure data of healthy vol-
unteers to sulfurie acid mists. To date, the only con-
sensus finding is the absence of pulmonary function
effects at sulfate concentrations of less than 100 pg/m®
even after exposures of several hours of and intermit-
tent exercise.

Effects on pulmonary function at higher levels of ex-
posure have been less consistent. In two of the initial
studies, brief exposures to sulfurlc acid mists at con-
centratlons of 300-5000 pg/m for 5—15 min (4) or 3,000-
39,000 wg/m® for 10-60 min (5) provoked changes in
respiratory pattern, cough, and bronehoconstriction.
Even at the lowest exposure level of 350 ug/m® during
quiet ventilation, Amdur et al. (4) observed a 20% de-
crease in maximum expiratory and inspiratory flow
rates and a 35% increase in respiratory rates.

Horvath and co-workers (6) examined 11 normal sub-
jects in an environmental chamber breathing concen-
trations of H,S0, ranging from approximately 200 to
950 pg/m® with mass median aerodynamic diameter
(MMAD) = 0.9 pm for 2 hr. During the exposure, 20-
min cycles of rest and exercise (minute ventilation of ~
30 L/min) were alternated. At the high level (850 pg/
m®), cough and throat irritation were frequently noted,
and forced 1-sec expiratory velume (FEV)) decreased
marginally but significantly (average = 101 mL) post-
exposure; ho pulmonary changes occurred at lower
H,S0, concentrations. Covert et al. (7) observed mild
small airway constriction to result with intermittent
exercise and inhalation of 500 pg/m® H,S0,.

Recently, studies in our laboratory examined normal
sub_]ects performing moderate exercise (300 kg—m/mm)
in envu'onmental chamber atmospheres at 100 pg/m®
and 450 ;.Lg/m H,30, for 4 hr (MMAD = 0.8 pm)(&).
Changes in pulmonary function did not occur either im-
mediately or 24 hr after inhalation. To determine if aer-
osol exposure caused increased reactivity to a known
bronchoconstrictor, all subjects inhaled carbachol fol-
lowing each 4-hr exposure ; and 24 hr after exposure. At
24 hr after the 450 ug/m® exposure, & of 14 subjects
experienced mild throat irritation. At 24 hr post ex-
posure, there was also significant enhancement of the
carbachol bronchoconstrictor response after the 450 pg/
m® concentration, These data indicate to us that airway
hyperreactivity to HoSO, may occur after a latent pe-
riod.

In a study using oral inhalation, Utell et al. (9) meas-
ured bronchial reactivity in normals after brief expo-
sures to H,50,, NH,HS50, (NH),50,, and sodium bis;
ulfate (NaHSO,) at concentrations of 1000 pg/m?
{(MMAD = 1.1 pm). Only margmal changes in flow rates
were observed after 1000 pg/m® H,S0,. In contrast, the

bronchoconstrictor action of carbachol was potentiated
by the sulfate aerosols more or less in relation to their
acidity. Only prior inhalation of HoS0, and NH,HSO,
enhanced the carbachol response,

Several human experimental studies have not re-
ported alterations in lung function with exposures to
high sulfate concentrations. No decrement in pulmonary
funetion was ohserved in normal subjects exposed at
rest for 10 minutes at concentrations up to 1000 pg/m?*
HyS0, (MMAD = 0.1 wm)} (i0) or after 2-hr exposures
at 1000 pg/m® with intermittent light exercise (11).

Inhalation Studies with Asthmatic
Subjects

In view of the sensitivity of exercising asthmatics to
effects of S0, the responses to inhaled acid sulfate aer-
osols is of considerable interest. The results of studied
with acidic suifates are summarized in Table 1.

Sackner et al. (10) reported no alteration in lung me-
chanies in six asthmatics exposed at rest to H,SO, par-
ticles (MMAD = 0.1 um) at 10, 100, and 1000 png/m®
for 10 min. Avol and colleagues (12) examined six asth-
matics during li ght exercise (doubled minute ventila-
tion) at 75 pg/m” HoSO, (MMAD = 0.3 pm) for 2 hr in
a chamber. Although significant changes in lung func-
tion did not occur for the group, two of the six asth-
matics “showed possible meaningful changes in resist-
ance.”

Twe of the most recent clinieal studies {13,14) have
demonstrated that asthmatic subjects are an order of
magnitude more sensitive to H,SO, than healthy, sed-
entary adults. That is, whereas normal subjects display
minimal bronchoconstrlctlon at approximately 1000 pg/
m®, asthmatics develog gignificant changes in alrway
mechanies at 450 pg/m® at rest and at 100 pg/m® during
light to moderate exereise,

Koenig et al. (13) exposed 10 adolescents with ex-
tringic asthma and exercise-induced bronchospasm to
100 pg/m® H:gSO4 during 30 min at rest followed by 10
min of exercise. Mouthpiece inhalation of H,S0, during
exercise produced significantly greater alterations in
FEV,, V... 50, and total respiratory resistance than a
control NaCl aerosol. The authors réported that the
changes in lung function after H,S0, were equivalent
to effects induced by sulfur dioxide in a group of ado-
lescent asthmaties (75). In contrast to the experience
with gaseous pollutant, it is conceivable that oral route
of inhalation of particulate sulfates may, in fact, mini-
mize airway responses due to ammonia neutralization
{see below).

In our laboratory, we evaluated the existence of a
dose-response relationship to sulfate aerosols including
NaHS80,, (NH,%S80,, NH,HS0,, and H,80,, with a
control NaCl {mean MMAD = 0.8 um) in carbachol-
sensitive asthmaties (4). Concentrations of 100 pg/m®,
450 pg/m®, and 1000 pg/m* were inhaled for 16 min via
a mouthpiece. At the 1000 pg/m® concentration, H.S0,
and NH,HSO, inhalation produced significant reduc-
tions in specific airway conductance and FEV, com-
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Table 1. Pulmonary effects of sulfuric acid aerosols in asthmatics.

Investigator Design

Effects

Sackner et al. (10)
H.80, for 10 min orally at rest
(MMAD = 0.1 pm)

Avol et al. (12)
hr in chamber with exercise
(MMAD = 0.3 pm)

Koenig et al. (13)

cise (MMAD = 0.6 pm)
Utell et al. (14)

piece at rest (MMAD = 1.1 pm)

Utell et al. (I
in chamber with exercise
(MMAD = 0.8 pm}

Spektor et al. (16}

for 1 hr via nasal mask at rest
(MMAD = 0.5 pm)

Six asthmaties inhaled 16, 100, 1000 pg/m®

Six asthmatics inhaled 75 pg/m* H,80, for 2

Ten adolescent asthmatics with exercise-
induced bronchospasm inhaled 100 pg/m®
H,S0, for 40 min via mouthpiece with exer-

17 earbachol-sensitive asthmatics inhaled 100,
450, 1000 wg/m® H,S0, for 16 min via mouth-

12 asthmatics inkaled 100, 450 wg/m® for 4 hr

Ten asthmatics inhaled 100, 300, 1000 pg/m®

No pulmonary function changes; ne alteration
in gas exchange

Two of 6 subjects showed “possibly meaning-
ful changes in respiratory resistance”

Significant reductions in Vmax, FEV,, and to-
tal respiratory resistance compared to NaCl
exposlre 0Or pre-exposure

1000 pg/m® H,80, and NH,HS0, caused sig-
nificant decline in 3G,,, and FEV,; 450 pg/
m® H,50, produced significant fall in air-
way conductance; no change after 100 pg/
m? H,80,

Reduction in FEV, and 8G,,, after one and 2
hr of 450 pg/m® inhalation; no change after
100 pg/m® H,80,

1000 pg/m*® H,S0, caused significant decline
in flow rates and airway conductance in 6 of
10 asymptomatic asthmatics which per-
sisted 3 hr after exposure. Four asthmatics
showed large variability in response; no ef-
fect after 300 or 100 pg/m®

pared to NaCl or pre-exposure values. At the 450 pg/
m® coneentration, only H,80, inhalation produced a sig-
nificant reduction in airway conductance. At 100 pg/m*,
no significant change in airway function occurred after
any sulfate exposure. Unfortunately exercise protocols
were not incorporated into the 100 pg/m® exposure to
assess effects of increased ventilation. However, in two
asthmatic subjects there was enhancement of the bron-
choconstrictor response to carbachol following exposure
to 100 pg/m® H,80,—an indication that airways may
have been affected even at the lowest HoSQ, concen-
tration (¥). Indeed Spektor and colleagues (16) con-
firmed partially these observations in resting asthmat-
ics demonstrating reduections in flow rates and specific
airway conductance after inhalation of 1000 pg/m®
H.80, for 1 hr via a nasal mask. No changes in lung
function occurred after 300 ug/m® or 100 pg/m® H,S0,.

Recently, Utell and colleagues (17) examined 12 asth-
matics to determine if oral-nasal breathing (environ-
mental chamber) influenced airway responses to sulfuric
acid aerosols. Subjects inhaled 100 wg/m® and 450 pg/m®
coneentrations for 4 hr with intermittent periods of mild
exercise. Reductions in flow rates and airway conduct-
ance after 1 and 2 hr of 450 wg/m® H,S0, occurred to
approximately the same degree as during mouthpiece
inhalation, No response to 100 pg/m® H,S0, was noted.
That the route of sulfate inhalation affects airway re-
sponses in unclear. However, our inability to demon-
strate effects at 100 wg/m® sulfuric acid concentrations
suggests that all asthmatics may not be alike—that is,
young extringic asthmatics may comprise a remarkably
sensitive subgroup.

Critique

Variability in experimental protocols has been the
rule, not the exception, in clinical studies with particles.
Among the difficulties which exist in assessing studies
of responses to particulate pollution are those related
to particie size and therefore site of deposition. The
particle size most effective in provoking airway re-
sponses is unclear. Aerosols ranging in nominal size
from 0.1 um to 8.0 um have been generated for clinical
studies. No consensus on ideal size exists. Furthermore,
the site of deposition will be influenced not only by initial
particle size, but also by lung geometry, hygroscopic
growth in the airways, mode and pattern of ventilation,
and perhaps lung secretions. If alterations in lung me-
chanics caused by aerosolized sulfates result in part
from nonspecific stimulation of upper airway irritant
receptors by large particles, very small (0.1 pm} aer-
osols, even assuming hygroscopic growth, may be in-
sufficient to stimulate them (10).

It is evident that unique host defenses may also in-
fluence responses. For example, in 1977, Larson and
colleagues (18) hypothesized that airway ammeonia
(NH;) could neutralize inhaled acidic sulfates and
thereby mitigate airway responses. Respiratory am-
monia levels were found to be higher in the mouth than
the nose and the rate of sulfurie acid neutralization was
inversely related to particle size (24). To examine the
hypothesis that oral NH; influences responses to sul-
furic acid aerosols, Mariglio et al. (20} measured re-
sponses to 350 wg/m’® in exercising asthmatics at both
high and low oral NH; levels. The high NH; levels sig-
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nificantly lessened the H,50,-induced echanges in lung
function supporting the Larson hypothesis. Theoreti-
cally nasal breathing of large particles (1.0~3.0 pm),
perhaps in an environmental chamber, could provoke
responses which would not result from small particles

(0.1 pm} breathed on a mouthpiece because of effective
~ neutralization.

Implicit in the neutralization hypothesis is the like-
lihood that acidity per se is important. Previously, Lipp-
man and Schlesinger (21) reported the relative irritant
poteney of major ambient sulfates based on clearance
rates in the rabbit. The ranking of irritant potency was
H2804 > NH4HSO4 > (NH4)2SO4, N32804; this
. strongly suggests a relation between hydrogen ion (H ™)
concentration and the degree of bronehial mucociliary
clearance alterations. It is noteworthy that studies in
our laboratory support this ranking of irritant potency
as related to altering lung function. We observed a re-
lationship between the acidity of the sulfate aerosol,
expressed as the pH measured in aqueous solutions at
the same molarity (10~% M), namely H,S0, (pH = 1.8),
NH,HSO, (pH = 2.2), NaHSO, (pH = 2.5), and
(NH,},80, (pH = 4.8), and the degree of induced bron-
choconstrietions (74). Inhalation of more acidic sulfates,
H,80, and NH,HSO,, produced the most significant
bronchoconstriction. Exposure to the less acidic sulfate
aerosols, NaHSQ, and (NH,)»S0,, caused no significant
change in lung function. Despite this apparent relation-
ship, the rele of the hydrogen ion is complex since nu-
merous airway factors may alter the pH of the particle
prior to and after deposition.

Additional evidence for an effect of low level sulfuric
acid on the airway is available from several sources.
Alterations in mucociliary clearance have occurred in
normal volunteers after exposure to 100 pg/m® H,80,
for ane hour. Leikauf and colleagues (22) observed a
diphasic dose-response relationship in that tracheo-
bronchial clearance was significantly increased after ex-
posure to 100 pg/m® H,S0,, unchanged at 300 wg/m?
and depressed after 1000 pg/m® H,S0,. Thus low level
sulfuric acid inhalation with resting ventilation may in-
duce airway irritation without alterations in mechanies.
Ultimately such injury could impede airway defenses.
Furthermore, Schlesinger (23) presented preliminary
evidence that a 1-hr exposure of rabbits to 1000 pug/m?*
H.S0, produced a response at the cellular level. Ele-
vated numbers of neutrophils persisted in lavaged lung
fluid and the sulfurie acid exposure altered the perfor-
mance of in vitro phagocytosis. Reduction in in vitro
adherence and attachment was also observed for maec-
rophages lavaged at various times from the exposed
rabbits. In all likelihood, either brief or low level sulfuric
acid may influence host defenses.

With the impressive array of changes in lung function
described by Koenig (13) after 100 pg/m® H,S0, in ex-
ercising asthmatics, it seems surprising that no alter-
ations in lung mechanics have been observed at even
lower levels. For ingtance, why is it that sensitive asth-
matics have not been noted to respond at 50 pg/m®
H,S(,? The answer is intriguing albeit simple, namely,

ne studies have addressed responses at these low sul-
furic acid concentrations. What is needed is a series of
studies similar to those performed with SO,, that is,
low-level HoSO, exposures with heavy, intense exercise
in young, allergic (extrinsic) asthmatics. Equally per-
plexing is the complete void of understanding of acid
sulfate effects on individuals at the extreme end of the
clinical spectrum, those with chronic obstructive pul-
monary disease (COPD). In this perhaps a most sen-
sitive group, currently no data exist.

Nitrogen Dioxide (NO,)

Currently the effects of NO, inhalation are under in-
tensive investigation. Until recently, controlled NO; ex-
posures have not produced changes in pulmonary me-
chanies at coneentrations within the ambient range or
even higher (24). With the emergence of more experi-
mental studies, evidence has accumulated that asth-
matics do indeed bronchoconstrict with inhalation of
NO, at near ambient levels. In our laboratory, Bauer
et al. (25) observed that a 30 min exposure to 0.3 ppm
NO, produced bronchoconstriction in exercising asth-
matics compared to that found with exercising in clean
air. Studies with 0.3 ppm NO; are presently being re-
peated at the Environmental Protection Agency and a
preliminary report indicates that findings of Bauer et
al. in exercising asthmatics have been confirmed (26).
In addition, Bauer observed that the NO, response was
potentiated with cold air inhalation challenge after pul-
monary function had returned to baseline. Previous
studies had demonstrated increased bronchial reactivity
following NO, exposure at a level as low as 0.1 ppm (27)
or 0.2 ppm (28) but no other studies have produced
conflicting findings (29).

In a summary paper in this symposium, Lippmann
(30} speculated that the NO, effect may be in part an
acid effect. He reasoned that since the magnitude of the
pulmonary function changes was similar to that expe-
rienced by subjects inhaling ozone at 0.2 ppm, and since
NO, is a much weaker oxidant than ozone, it was con-
ceivable that the NO, response was only in part related
to the oxidant effect. When NO; is absorbed on airway
surfaces, it hydrolyzes and releases H* ions. Thus, its
mechanisms may be similar to that of H,S0,.

Research Needs

Many important questions remain to be addressed:
(1) Do young extrinsie (allergic) asthmatics represent a
uniquely susceptible subpopulation? The data support
a special sengitivity for this group, especially with ex-
posure to acidic aerosols. It is appropriate to examine
separately intrinsic and extrinsic (allergic) asthmatics
and evaluate the responses of these two groups to in-
tengive exercise at ambient particulate levels. (2) Do
individuals with chronic obstructive lung disease (em-
physema and chronic bronchitis) deserve inclusion as a
sensitive group? Presently too few data exist to address
this query. (3) Do exposures to mixtures of acidic aer-
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osols and oxidants cause additive effects? To date, com-
binations of pollutants which eomprise acid precipitation
have yet to be studied. One recent report concluded
that combinations of pollutants (peroxyacetyl nitrate
and ozone) produce an interactive effect (31). {(4) Can
we begin to evaluate mechanisms of Hy80, toxieity in
humans by means other than pulmonary mechanics? The
answer is a resounding yes. For exampie, the tool of
bronchealveolar lavage has now been extended to hu-
man studies to investigate changes at the cellular level.
The evolving relationship between pollutant-induced
airway reactivity and increased lavaged human neutro-
phils (32) and the observations by Schlesinger that brief
inhalation of sulfuric acid effect cellular functions in the
rabbit, provide background for initiating lavage studies
in humans after sulfuric acid exposures.

Obvicusly, a great dea! remains to be learned in the
area of human exposures to acidic aerosols.

Conclusions

Based on elinical exposure studies, we now appreciate
that the criteria pollutants ozone and sulfur dioxide pro-
voke changes in lung mechanics at high urban concen-
trations. Although critical gaps still exist in our knowl-
edge of human exposures to acid aerosols, recent data
indicate that asthmatics are clearly more sensitive than
healthy volunteers and that exercise potentiates re-
sponses to sulfuric acid pollutants. Additional studies
at even lower sulfate levels combined with intensive
exercise and/or other relevant pollutants are required
before the gaps can be effectively closed.
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